I. INTRODUCTION

S
EVERAL studies have shown that Single Event Upset (SEU) is of particular concern in circuits designed using silicon germanium (SiGe) heterojunction bipolar transistors (HBTs) [1] - [5] . Space applications employing these circuits will require detailed analysis of the SEU susceptibility. This analysis is complicated by the complex response of these circuits to ionizing radiation. Fig. 1 shows heavy ion data collected on a string of shift registers fabricated using two different flip-flop architectures in IBM's 5AM SiGe HBT process [3] . These data are for neon, Cross section vs. Effective LET graph for two circuits. [3] The argon and xenon data are taken at the same angles as the neon data, with the first point being ions incident normal to the surface, the second point incident at 45 , and the third point incident at 60 .
argon, and xenon ions incident at , and 60 . In this plot, the conventional geometric considerations describing the sensitive volume as a Rectangular Parallelepiped (RPP) were assumed, e.g., the "Effective LET" is equal to the Linear Energy Transfer (LET) multiplied by the secant of the off-normal angle of incidence of the ion strikes. Given the assumptions of the RPP model, the measured cross section is expected to increase with effective LET. The data for the higher critical charge device clearly do not follow the trends assumed by the RPP model. A significant decrease in cross section with increasing effective LET is seen for neon ions for this circuit.
Two major aspects of SiGe HBTs that define the charge-collection mechanisms are the Deep Trench Isolation (DTI) geometry and the large area, reverse-biased collector-substrate (subcollector) junction located about 3 m below the silicon surface (Fig. 2) [5] . The DTI mitigates charge transport from the substrate following a single event, thereby providing a well-defined region of maximum charge collection [5] .
Ion events that cross the subcollector junction push the equipotential lines of the depletion region deep into the substrate. For this type of event, typical charge collection depths can exceed 10 m [5] . Carrier transport related to the junction 0018-9499/$25.00 © 2008 IEEE "push out" will induce a current on the collector. The DTI plays an important role in modulating the ion induced modification of the junction's electric field lines. For ionizing events that occur outside the region defined by the DTI, charge generated in the substrate will diffuse toward the subcollector junction, resulting in a current induced on the collector. The DTI mitigates the amount of charge that transports to the junction.
In this paper, we use ion microbeam measurements and TCAD simulations to investigate the impact of the DTI on charge collection for events crossing the subcollector junction, with a focus on lightly ionizing (low LET) ions at various angles of incidence relative to the normal of the die surface.
The DTI affects the charge collection from off-normal ion strikes, and in turn produces a "non-RPP" response from broadbeam measurements of single event upset (SEU) cross section. The paper focuses on low LET events because the observed cross section roll-off with angle is most evident for neon ion strikes. A new technique for estimating the critical charge, , for SiGe HBT circuits is proposed. The technique is based on comparing broad beam experimental results taken at various angles of incidence to TCAD simulations using those same incident angles. There is presently no satisfactory model to facilitate prediction of the on-orbit error rate due to low-LET particles. The insights gained through this work offer a new understanding of the mechanisms that will enable new error rate prediction techniques to be developed.
II. REVIEW OF RECTANGULAR PARALLELPIPED (RPP) MODEL
The classic RPP model is a geometric construct utilized for the analysis of SEU [6] . Traditionally the areal dimensions of the RPP are estimated from the measured SEU cross section and LET. One method defines the top face of the RPP to be a square for convenience, with the square root of the saturated cross section used as the side length, [6] , [7] . The depth of the box, , is generally obtained through theoretical and experimental methods, and typically corresponds to ion's traversals of different types of p-n junctions [8] . Chords, or ion path lengths, that exist in the box, coupled with their respective ion LETs, define how much energy is deposited in the RPP.
Ground based testing methodology utilizes the geometrical assumptions created by the RPP model to predict charge-collection behavior for off-normal ion strikes. Typically, test data are plotted by assuming the "thin" RPP model in which inverse cosine scaling rules are used to normalize cross section data taken at angle [7] . Effective LET is defined as the LET divided by . Likewise the cross section is computed by normalizing the fluence for angle, i.e., "Effective" fluence is the actual beam fluence multiplied by . Breakdowns in this model have been observed when the cross section is different for different particles that have the same effective LET. Four general explanations have been proposed in the literature: 1) energy loss of the ion before arriving at the surface of the device, changing its LET [9] , 2) the device has significant collection depth so that the correction to the cross section doesn't hold [10] , 3) the warping of the equipotential lines makes the correction for LET inappropriate [11] , and 4) different ions of the same LET have different track structures, and change the effective area of the device [6] , [12] . These problems have been investigated, but not in the context of the unique geometry of deep trench-isolated SiGe HBTs.
Connell et al. [13] provided a detailed, mathematical study of RPP structures for thick sensitive volumes showing how they affect the measured SEU cross section. The geometrical characteristics of the deep trench-isolated SiGe HBT suggest that it might be treated by Connell's thick RPP model. The relation obtained from the thick RPP model for effective cross section is:
The bridging function, , is given by:
where is the LET of the heavy ion, is the of the ion strike, is the average critical chord for upset, and is the cross section for normal incidence [13] . The large saturated cross section of the SiGe HBT shift register from [3] suggests that the sensitive area of a single device is much greater than the active area enclosed by the deep trench, implying will be large. Using Fig. 2 , it can be seen that will only be a few microns to the bottom of the depletion layer of the subcollector junction. Since the average chord length for upset can not be zero or negative, the bridging function will be a small positive number, a negative number, or zero.
The breakdown of the model occurs when coupling the terms on the right side of the denominator. The product, of the small term, the possible values of the bridging function, and the angularly dependent sine function, determines that the denominator of Connell's effective cross section equation will most likely be less than one. Connell's thick RPP model implies that the effective cross section should increase instead of decrease as the broad-beam data show for the deep trench isolated SiGe HBT. The thick RPP model outlined by Connell does not apply for the deep trench isolated SiGe HBT. A new model to account for the change in effective cross section with angle is needed for the deep-trench isolated SiGe HBT.
III. HEAVY ION MICROBEAM TESTING
Microbeam tests were performed on a single HBT to investigate the position-dependent, charge-collection response. These data show that charge collection does not conform to typical thin RPP assumptions. Fig. 3 shows Ion Beam Induced Charge Collection (IBICC) microbeam data taken at Sandia National Laboratories' IBICC facility [14] on a SiGe 7HP HBT. The emitter, base, substrate and collector were each connected to a separate probe (four probe IBICC technique [4] ) and the induced charge generated by the ion strike was measured for each terminal. The emitter, base, and collector were all biased at 0 V, while the substrate was biased at -5 V.
The range of the oxygen ions into the silicon is in excess of 12 m, sufficient for the investigation of the charge-collection mechanisms of interest. 36 MeV oxygen ions, with a peak LET of 7.5 MeV cm /mg, were selected over other ions available at the facility because they offer the best combination of penetration depth and LET to provide high signal to noise ratio.
Figs. 3(a) and (b) show the microbeam data from normally incident ions, and ions incident at 15 degrees off normal. Fig. 3(a) is a 3D plot of the charge collection as a function of position for normally incident particles. The DTI outline is clearly displayed in the normally incident strikes by the "mesa" region surrounded by a region of low level charge-collection events. For ionizing events that occur outside the trench, noticeably less charge is collected. The DTI forms a limiting boundary for large charge-collection events when ions are incident normal to the die. Fig. 3(b) displays the microbeam data for a tilt angle of approximately 15 . The area of peak charge collection within the DTI is reduced with increased angle, evidenced by the area of the top of the "spike" for Fig. 3(b) versus the area of the top of the "mesa" of Fig. 3(a) . We also note that the low level charge collection, while difficult to discern from Fig. 3(b) , shows an increase in area relative to the normally incident ions.
Assuming the sensitive area is defined by the area confined by the DTI, and applying the assumption of the RPP model to the area, a tilt angle of 15 would lead to % change in sensitive area. However, these data show a 25 to 30% decrease in the area for peak charge collection. The standard thin assumptions implied by assuming an RPP model do not apply to SiGe HBTs because of the failure of the cosine correction to describe how peak charge is collected for this technology.
IV. TCAD SIMULATION
TCAD simulations were used to model the trends seen in both broadbeam and microbeam experiments. TCAD simulations at various angles, locations, and directions for 520 MeV neon ions (LET of 2.7 MeV cm /mg, or 0.028 pC/ m) were performed, with the LET corresponding to that of the broadbeam data presented in [3] . The Synopsys device simulator DESSIS was used to model the device response to ion events [15] . The structure is representative of the IBM 5AM SiGe HBT; the geometry and doping specifications are given in [5] . The area of the emitter, , is equal to 0.5 m , and the area enclosed by the DTI is 10 m (2.5 m 4.0 m). Important physical models to include in these simulations are the Phillips unified mobility model for bipolar devices bandgap narrowing due to heavy doping; and bulk SRH recombination [5] .
A grid that contains points inside and outside the trench, which define the surface incident locations for each simulated ion event, is shown in Fig. 4 . The abscissa bisects the emitter contact, base contact, collector contact, and the die area contained within the deep trench as displayed in Fig. 4 . The positive -direction corresponds to moving from the base contact towards the collector contact (see Figs. 2, 4) . The ordinate is perpendicular to the -axis and forms a bisector of the die area surrounded by the deep trench. The -direction is established by the plus and minus signs adjacent to the -axis in Fig. 4 .
For all simulations, lines of charge are generated between two points, one is a fixed coordinate on the plane , the other is a point defined by coordinated. For all simulations,
. Normal incident refers to a normal to the plane. Off angle refers to an angle referenced to the normal. Fig. 5 shows simulations for ion strikes that originate at different points along the x-axis and move in the positive x direction for angles of 0 , 15 , 30 , 45 , and 60 . These angles correspond to the angles used in broadbeam testing [2] - [4] .
The trends of the data in Fig. 5 show that the sensitive area's functional dependence on angle of incidence will depend strongly on the critical charge of the circuit. From these simulations, as the angle of incidence of the ion strikes increases, the sensitive area for large charge-collection events is reduced and the area for lower level charge collection events increases. In the next section we compare these simulation results to the broadbeam SEU data. Fig. 6 shows a slice of the charge-collection data along the -direction for three fixed values of at two angles, 45 Fig. 6(a) and 60 Fig. 6(b) . Two important characteristics of these results are: 1) limited charge collection for regions outside the DTI and 2) nearly constant charge collection for events inside the DTI.
The data in Figs. 5 and 6 can be used to estimate the variation of the sensitive collection area over angle of incidence for various amounts of charge collection. For this analysis, we assume that the sensitive area is a rectangle. The length of the sides of the rectangle is determined from the data in Figs. 5 and 6.
One dimension of the rectangle is simply the length of the area enclosed by the trench along the y-axis, i.e., 2.5 m. The simulation results in Fig. 6 , which support this assumption, shows very little charge collection for events outside the trench area. Events occurring inside the trench area have a charge-collection value that is essentially constant for a fixed value of .
The value for the other side of the rectangle can be determined from the data in Fig. 5 . The length is determined by selecting a value for the charge collected, then determining the distance over which this value is collected. For example, 200 fC of charge will be collected for an event between m and m, giving a length of 4.5 m. The sensitive area is then estimated by computing the product of the area of this rectangle and . The cosine term is introduced to account for the reduction in the projected area with increasing angle. In the next section we use this approach to compare the simulation results to the broadbeam data.
V. ANGULAR DEPENDENCE OF CHARGE COLLECTION
The schematic diagram in Fig. 7 shows that as the angle increases, the projected area of the sensitive volume decreases dramatically because of the truncation of charge collection by the deep trench walls. Case #1 shows the sensitive area for that particular angle is not significantly affected by the trench geometry. Case #2 shows that for that particular angle and strike direction, the peak charge collection will occur when the strike passes the corner of the junction and extends into the substrate, underneath the deep trench. This correlates to a dramatic reduction in the collection area for peak charge collection. Case #3 shows that at a more obtuse angle, a significant truncation results, all but eliminating the peak charge collection. This schematic diagram suggests that the projected area will change with angle, because peak charge, corresponding to the mesa area in the microbeam data, is limited to long strikes that have the ability to collect charge by prompt collection. With a reduction in sensitive area, there is a corresponding reduction in SEU cross section. Fig. 8(a) , from [3] , shows results of broadbeam testing on five different shift register designs with different values of critical charge implemented in the IBM 5AM technology. Quasi-mixed mode 3-D simulations [16] , [17] predict that the enhanced switching current and current-shared architecture would have similar critical charges for upset; while the dual interleaved and cross coupled NAND architectures would have similar but higher critical charges than the first two topologies. The baseline structure is the enhanced switching current architecture operating at lower current, which is more susceptible to upset and has a lower critical charge [3] , [16] . The figure plots the measured cross-section over angle, normalized to that at normal incidence. The typical thin RPP angle corrections were not applied to these data, i.e., these data are the number of upsets divided by the pure beam fluence, and are normalized to the cross section at zero degrees.
This plot also shows the cosine relationship from the RPP model. If the circuits were well-described by the RPP model, their cross sections should be larger than or equal to the cosine curve. This highlights the deviation from the RPP model. The sensitive area should fall off no faster than the cosine of the angle due to the finite area of the active silicon. The data trends should fall on or above the cosine curve if the RPP correction holds. At least two of these circuits, utilizing the deep trench isolated IBM 5AM SiGe HBT, do not conform to the traditional RPP model. Fig. 8(b) shows the projected variation of the sensitive area with angle based on TCAD simulation results from Fig. 5 . The sensitive area was computed using the "rectangle" method defined above; where X is the area of the rectangle, is the angle of incidence, and Y is the value of the area of the rectangle at normal incidence. The specific collected charge term is determined by fixing a value for the charge collection, then determining these values.
These data are plotted in the same way as the experimental results in Fig. 8(a) . The ordinate for Fig. 8(b) is the normalized sensitive area from simulation results on an individual transistor. The solid line is the cosine function. The trends in these simulated results agree with the trends seen in the measured data. For example, the circuit with the highest critical charge shows a significant deviation from the cosine curve.
The trends established in the broadbeam data and simulation results, shown in Fig. 8 , are the basis for estimating critical charge. Data from broadbeam measurements, taken as in [3] , and organized as in Fig. 8(a) establish the functional dependence of normalized event cross section with angle. The simulation data show how the dependence of cross section on angle changes for different amounts of collected charge. If the functional dependence of critical charge on angle from the broadbeam data matches the functional dependence for a particular amount of collected charge as a function of angle from the simulation data, then an estimate of critical charge for the circuit is the value of charge collected from the simulation data.
Knowing the critical charge of circuits is essential to developing on orbit rate predictions and the qualification of parts for the space environment. This method for extracting critical charge does not rely on defining a sensitive volume for the device. No assumptions about the sensitive volume, such as accounting for diffusive collection of charge, have to be made. Broadbeam SEU testing at various angles is needed. Numerous positionally-dependent, angled-ion strike simulations run on a calibrated TCAD device are needed. The functional dependencies of these two sets of data should have similar trends, and estimating the value for critical charge depends on finding equal functional dependencies. For the DTI-enclosed SiGe HBT, based on Fig. 8 , the critical charge for the baseline circuit is approximately 100 fC, while that for the radiation hardened circuits is approximately 200 fC.
VI. CONCLUSION
SiGe HBT microbeam measurements and TCAD simulations were used to demonstrate the impact of the deep trench isolation on charge collection induced by single ion events. The DTI walls truncate the charge collection of angled ion strikes that cross the subcollector junction. The simulation and experimental data show that the variation of the sensitive area is not well-described by the RPP analysis method. The effective cross section for these devices decreases with increasing effective LET. We also show that the thick sensitive volume assumptions presented in [13] for example, are inconsistent with the geometrical characteristics and charge-collection mechanisms for DTI SiGe HBTs.
The amount of charge collected by the DTI SiGe HBT is found to be angularly dependent for particular LETs, with strikes at large angles having lower peak amounts of charge collected over a wider area. A novel approach to the prediction of critical charge, independent of the RPP model, is presented. This predictive method utilizes the functional dependencies of data from calibrated TCAD simulations of charge collected from positionally-dependent, angular-ion strikes and from existing broadbeam data of normalized event cross sections as a function of angle of incidence.
